Abstract-A simple but accurate physical model, which can be incorporated into circuit simulation programs such as SPICE for the field emission triode (FET), is developed. The model is based on the Fowler-Nordheim (F-N) current density-electric field (J-E) relationship. An electric field form is adopted to calculate the current density distribution along the surface of the sphere-shape tip. The cathode current is obtained by integration of the current density over the emission surface. The gate current is derived by the same integration, but over part of the emission area. A procedure to extract the values for the parameters of the model is also given. The model and the procedure has been applied to experimental devices to demonstrate its accuracy.
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I. INTRODUCTION
F IELD emission triode (FET) is a solid-state device which features a miniature vacuum tube triode formed by application of modern intregrated circuit (IC) processing technology. It can be used in the applications such as flat panel display [1] - [4] , microwave tubes [5] - [7] . A typical Spindt type FET consists of a cathode, a control gate, and an anode similar to that of a conventional vacuum tube triode. When a high voltage is applied between the gate and the cathode, a very large electric field is formed on the tip of the cathode due to the sharp geometry of the tip and the short gate-to-cathode distance. Following the Fowler-Nordheim (F-N) tunneling mechanism electrons will be emitted from the surface of the cathode to the anode which is biased at a proper high voltage [8] - [10] . However, since the gate is always biased more positively than the cathode, a large gate current can flow at the zero or moderate positive anode voltage.
The applications of FET in circuits have triggered a demand for its device model for circuit simulation. A simple, efficient and accurate FET model is pursued. Some works had been done on modeling the field emission diode [12] - [14] based on the F-N J-E relationship. In their approach, so-called electric field enhancement a and area b factors were used to transform the local J-E relationship to the global -characteristics. The approach is somehow questionable since the electric field is not constant across the tip and the factor b is a voltage dependent parameter [15] - [17] . A different approach, in which -equation is obtained through integration of the current density over the tip surface, is proposed by Nicolaescu and Manuscript received Jaunuary 5, 1998; revised April 13, 1998 . The review of this paper was arranged by Editor C.-Y. Lu.
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Avramescu [15] . In addition, Busta et al. [18] developed a model based on a numerical approach, from which the result obtained can serve as a guide for a more stringent theory. Jones et al. [19] also developed a circuit model for the FET array operating at the low-voltage. Qin et al. [20] also developed a model for the FET amplifier. Most recently, Lu et al. [21] developed an FET triode model with a parameter extraction procedure for SPICE simulation.
In this work, a new FET model which is based on the F-N tunneling mechanism, (but its J-E relationship is related with the device geometry parameters), is proposed. An extraction procedure is also derived to extract parameter values based on the device -characteristics. The model is developed on the diode as well as on the triode. Although the model is related with the device physical geometry parameters, the model is simple and easy to be incorporated into the circuit simulation program such as SPICE.
II. DEVICE MODEL
The device model is first derived for a diode and then extended for a triode.
A. The Diode Model
Field emission diode modeling is generally based on the F-N J-E relationship which relates the field emission current density, to the electric field on the surface of the tip, and the work function, This relationship is given below as [9] , [10] (1) where where is expressed in terms of A/cm in volts/cm, and in electron volts. In this approach, instead of lumping the total device current as a global parameter by treating to be a constant over an effective area of the emission tip of the diode, we calculate the device current by integrating the current density by taking the variation of the electric field 0018-9383/98$10.00 © 1998 IEEE across the surface of the tip into account. Hence, the electric field of the emission is first considered.
Previously, some work had been done on investigating the electric field of the emission tip of different shapes [22] - [24] . For example, Veen et al. investigated the electric field distribution of a tip of a shape of a paraboloid [23] . Jensen et al. [24] gave an expression for the electric field of a Saturn model which is shown in Fig. 1 , where the tip is a floating sphere suspended at the symmetry axis of a gate of a ring shape. The field at the position which is at an angle of with respect to the symmetry axis of the surface is given by (2) where is the maximum electric field at the position of of the sphere and is a fitting parameter. In this work, the Jenson's result is used for our approach where is taken 0.76. In fact, the electric field obtained by assuming is almost the same as that obtained from the Veen's model. The maximum difference between two field distributions is less than 1.5% for So, we consider that (2) is a good approximated formula for describing the electric field distribution on the surface near the apex of the tip. Hence, in this work, we assume that the shape of the tip near the apex is a sphere and its field distribution is that of (2) .
In practice, the field emission current is measured as a function of the applied voltage. The conventional geometrical factor is used to correlate the electric field at the apex of the tip to the voltage [25] , i.e., (3) With (1)- (3), the angular current density distribution can then be calculated. Fig. 2 shows a calculated angular current density distribution for several gate voltages for eV and cm which is a value calculated by using the parameter extraction procedure which is to be presented later in this paper for the first demonstrated device. It can be seen that the current density is an exponential-like function of
The cathode current can then be obtained by integrating the (1)- (3) for several gate voltages. e is the critical emission angle beyond which the emission becomes negligible. The larger the Vg; the larger the e: current density over the emission surface of the tip, i.e.,
where is the radius of the sphere-shape tip and is the critical emission angle beyond which the current emission becomes negligible, i.e., for
From Fig. 2 , the value of is seen to be a function of The larger the gate voltage, the larger value of This indicates that a larger results in a larger emitting area. in terms of can be computed from (1)-(3). Fig. 3 shows such a plot for the above example where is defined as It can be seen that the value of is almost linearly proportional to the gate voltage. Here, we also assume that the radius of the tip is large enough to allow the planar F-N J-E relationship to be applied The value of this term is smaller than one even the electrical field is up to 5 2 10 9 V/cm. [26] and the value of in (1) is independent of electric field. Using (1)- (4), we can obtain the effective cathode current for an array of emission tips to be (6) where and is the number of the emission tips.
In (6), since from (5), the obtained cathode current is: (7) In (7), the term, , is a function of . This term can be calculated by using (1) and (3). Fig. 4 plots the value of this term for several work functions. From this plot, it is seen that it is smaller than one even for the electric field up to 5 10 V/cm. The maximum electric field value in practice must be determined by the dielectric strength of the insulating material between the gate electrode and the substrate. Since the insulator is most likely to be silicon oxide or silicon nitride, the dielectric strength is lower than 5 10 V/cm. Hence, (7) converges. Also, in (7), it is noted that is expressed in terms of the radius " " of the emission tip and it is proportional to instead of as in the conventional field emission diode current-voltage expressions [9] , [25] .
B. The Triode Model
For a triode, the current emitted from the cathode is shared, mostly by the anode and by the gate. In this case, as in Fig. 5 which is the plot of one of curves of Fig. 2 , the current emitted from within the surface of the tip from to the angle is collected by the anode to be the anode current and the current emitted from the surface for the angle is collected by the gate to be the gate current. The gate current can be obtained by integrating the emitted current density over the range of to from (1)- (3), i.e., 
where is the threshold voltage of the FET device, above which the anode starts to collect the emitted currents. The value of is dependent on the anode configuration. A smaller distance from anode to gate gives a lower is also dependent on the gate voltage. A larger gate voltage causes a larger value of To verify the above assumption, the values of versus are computed from the data of Fig. 6 and the measured gate currents respectively for several gate voltages by using (8) , and the results are plotted in Fig. 7 . The plotted curves are approximately linear and their extrapolated values at the horizontal axis are approximately 0, 4, and 6 V for V, V and V, respectively. In the above equation, is a factor which relates the anode voltage to the angle It is expected to be a function of the gate voltage. Fig. 8 is the plots of versus also computed by using (8) from the same Fig. 6 and the measured gate currents but with as the varying parameters. It is seen that increases first, due to the increasing value of (see Fig. 3) , with respect to then decreases due to the increasing emitting area collected by the gate (see Fig. 4) . Hence it is then assumed that is a function of of second order polynomials, i.e., (10) Fig. 8 . The plots of a versus Vg computed by using (8) where and are parameters to be extracted in the later extraction procedure.
Since the emission current always equals the anode current plus the gate current, the anode current can be obtained by subtracting the gate current of (8) from the cathode current of (7), i.e.,
III. PARAMETER EXTRACTION PROCEDURE
In this section the extraction procedure for values of the necessary parameters of the above (7)-(10) are described. To describe the procedure more clearly, device data which were published in this area are used as demonstration examples.
The first device example used is that published in the Betsui's paper [11] . The device was an silicon field emitter arrays of 6400 (80 80) tips. The radius of the bulletshaped tip was reported being less than 20 nm. The spacing between tips was 4 m, so the tip density was 6.25 10 cm . The diameter of the gate aperture was 2 m, which was larger than that of its silicon dioxide mask. The distance between the anode plate and gate was 1 mm. In Betsui's measuring apparatus, the gate was grounded and negative voltage was applied to the cathode to extract electrons. In this work, the cathode voltage is assumed to be the reference grounded voltage.
In (7)- (10), and are unknown parameters. In the extraction procedure, these parameters are not extracted individually. They are extracted through two parameters:
and is a parameter related with the emission area and is a parameter related with the geometrical factor : With these two parameters, the emission current can be expressed as: (13) Fig . 9 plots the value of the summation of the first four terms of the summation part of the parameter versus for taking cm and eV (It is of enough accuracy by just taking the first four terms since the term converges fast). It can be seen that for the whole 0-300 V gate voltage region it is a slowly varying function of Hence, it can be considered to be constant during extraction. Also, it was reported that the parameter is a slowly varying function of [27] , hence the parameter is also a slowly varying function of It can also be considered to be constant during extraction.
Since we can rearrange (13) as (14) for the diode characteristics, we can plot versus to obtain a straight line. From the slope and the intersection of the straight line with the coordinate axis, the values of and can be obtained. Fig. 10 shows such a plot of the device, which were operated at V. The plotted curve is seen to be a straight line. Table I . From these values, if the work function and the number of tips are known, the radius of the tip can be estimated. For this example, the number of tips is 6400. A value of 19 nm is obtained for the radius of the tip if a work function of 4.5 eV and is assumed. This value is consistent with that reported in [11] .
To this point, the only two parameters of unknown values are and Their values can be obtained from Fig. 7 . In the figure, the slope and the intersection of straight lines with the coordinate axis for each give the values of and For this example, is determined to be approximately 0, 4, and 6 V for V, V and V, respectively, and the values of determined as a function of are plotted in Fig. 11 , where the square dots are the extracted data and the solid line is the fitted curve for (10) . The fitted values for parameters and are also shown in Table I . With all the values obtained in Table I , the gate current can be calculated and reconstructed from (8) and (9) . Fig. 12 shows the reconstructed gate current (the solid curves) versus with the measured data (the dotted curves). With the cathode and gate currents obtained, the anode current is calculated from (11) and is shown in Fig. 13 . In the above two figures, the calculated reconstructed currents and the measured currents match very well.
To verify the accuracy of this model, a second example is also given. Fig. 14 shows the I-V characteristics of an FET triode with 100 emitter tips [28] , where the dotted curves are Fig. 11 . The extracted as a function of V g for the experimental device of [11] . The square dots are the extracted data and the solid line is the fitted curve for (10). the data points obtained from [28] and the solid lines are reconstructed curves from the model. The values derived for Fig. 14 . The I-V characteristics of an FET triode with 100 emitter tips. The square curves are the measured data which were obtained from the Holland's paper [28] . The solid lines are the reconstructed curves from the model. Table II . This example also verify the accuracy of the model.
IV. CONCLUSION
In this work, a simple but accurate physical model for FET device has been developed. The model can be used in the circuit simulation programs such as SPICE. For the model, the cathode current based on the F-N relationship is obtained by integration of current density on the surface of the emission tip. The emission angle is introduced to describe the emission area. The gate current is derived by same integration but on a different emitting area. A procedure to extract the values for the model parameters has also been given. The model has been applied to experimental FET devices to demonstrate its accuracy.
